Abstract: Soil hydrothermal condition is one of the most important factors affecting crop growth in arid regions. This study aimed to investigate the effect of mulching and tillage on moisture and temperature variations in soil under drip irrigation in the arid Hetao Irrigation District, northwest China. Four treatments were included: (1) alternating ridges (40 cm wide and 20 cm high) and furrows (40 cm wide) with plots fully mulched with plastic film (RFM); (2) alternating ridges (40 cm wide and 20 cm high) and furrows (40 cm wide) with partial film mulch (only the plant rows mulched) (RPM); (3) flat tillage with plots fully mulched with plastic film (FFM); and (4) flat tillage with partial film mulch (only the plant rows mulched) (FPM). The ridge tillage and plastic film increased soil temperature and significantly conserved soil water, and thus increased the maize yield and water use efficiency (WUE). The RFM treatment had a greater effect than the RPM, FFM, and FPM treatments on the soil moisture and water storage over 0-70 cm in depth during the entire growing period in 2014 and 2015, indicating that full transparent plastic film mulch increased soil water status and promoted deep water percolation, and ridge tillage further enhanced water redistribution to deep soils. Furthermore, RFM proportionally increased soil temperature by 0.36 • C, 1.49 • C, and 1.27 • C above the temperatures under RPM, FPM, and FFM, respectively, in 2014 and by 1.19 • C, 1.62 • C, and 0.35 • C, respectively, in 2015. During the drought year of 2014, tillage influenced temperature more than mulching; however, mulching played a more important role in preserving thermal conditions than tillage during the humid year of 2015. Consequently, RFM increased the maize yield and WUE significantly. We conclude that a combined system of full plastic film mulch and ridge tillage creates beneficial soil hydrothermal conditions under drip irrigation and thus promotes the growth and performance of field crops.
Introduction
The Hetao Irrigation District, Inner Mongolia, is the largest designed irrigation area and a major grain and oil seed production region in China. Maize is widely grown in this district, which has abundant light and heat. However, climatic conditions can be harsh, including seasonal water shortages and significant diurnal temperature variations in summer [1] [2] [3] . Crop production in this region is further threatened by soil erosion, drought, and strong evaporation [4] [5] [6] . Therefore, it is important to retain the limited precipitation and reduce both non-beneficial evaporation and diurnal temperature variation in shallow soil layers via measures such as conservation tillage, mulching and water-saving irrigation methods.
Ridge tillage, as a conservation tillage method, has been widely adopted worldwide. Obviously, due to the micro-topographic effects, the ridge may cause lateral water flow and thus increase the soil moisture of the furrow. In addition, ridge tillage can change soil structure and improve macropore development, thus improving the route for vertical and horizontal water and solute flow into the soil profile before saturation, resulting in increased infiltration and reducing soil erosion and the need for supplementary watering. Ridge tillage can enhance daily soil temperature by as much as 2 • C above the temperature on a level surface due to increased sunlight in the harvesting area [5] . Zhang et al. [7] reported that ridge tillage can significantly improve maize production by enhancing soil organic matter and soil water availability. Yasushi et al. [8] found that soil macropores could increase plant biomass two-fold and significantly increase soil carbon content. Previous studies have suggested that ridge tillage could improve sunlight reception, soil quality, soil water environment and help to control soil erosion [9] [10] [11] .
Plastic film mulching, a widely applied water management practice in arid and semiarid areas, effectively controls soil temperature and decreases evaporation, and thus increases water utilization [12] [13] [14] . Studies have shown that plastic film mulch can reduce overheating of topsoil by reflecting solar radiation in daytime, and reduce soil heat loss owing to its light transmission and reduction of evaporation at night [15, 16] . Gan et al. [17] reported that crop production and water use efficiency (WUE) are significantly enhanced by plastic film mulch because the film improves soil water storage and promotes more uniform distribution of water in the soil. Thus, crops could grow under appropriate soil hydrothermal conditions-as heat transport always accompanies water flow-and modified soil temperature contributes to the decomposition of fertilizer and accumulation of organic materials [18] [19] [20] .
Drip irrigation is one of the most efficient water-saving irrigation methods under plastic mulch because it not only permits precise control of irrigation quantity but also increases irrigation WUE by reducing evaporation and increasing infiltration [21] . However, soil moisture is not evenly distributed under drip irrigation, and thus root system and plant development are influenced. Drip irrigation is normally combined with conservation tillage or mulching in fields, which combine to promote crop growth while maintaining the water-saving advantage of drip irrigation. Chen et al. [22] found that plastic film mulched ridge tillage increased precipitation infiltration throughout the entire growth period. In this system, the plastic film on the ridges is beneficial as it promotes soil thermal transmission and water flow into the furrows [23] . In addition, it is beneficial in reducing water loss by evaporation during the early growing stage and also in maintaining soil fertility [24] . Burt and Isbell [25] found that mulched drip irrigation was able to maintain moderate soil matric potential, help control weeds and promote crop production. Selim et al. [26] also indicated that the problem associated with salinity could be overcome effectively under mulched drip irrigation because of controlled leaching and that plastic film mulch has significant effects on soil water, soil thermal and salinity distribution.
Soil temperature is interrelated and interacts with soil moisture through evaporation and plant transpiration. Moderate soil hydrothermal conditions are beneficial in promoting the activity of soil microorganisms and soil nutrient cycling, further increasing crop production and WUE [27] . Plastic film combined with straw mulch could adjust soil temperature (depending on atmospheric temperature) and invariably enhance the grain yield and WUE [22] . Wang et al. [28] found that plastic mulch combined with ridge-furrow tillage could increase soil temperature and soil moisture and also the maize yield in more hydrothermally limited conditions. Zhou et al. [14] reported that double ridges and furrow mulched with plastic film treatment could increase precipitation retention and receive more solar energy resulting in enhancing soil temperature. Although there are a few studies on soil hydrothermal conditions investigated through ridge tillage mulched with plastic film, the combined effects of different tillage mulched with full and partial plastic film with drip irrigation are rarely studied. We hypothesized that the use of the plastic film mulching and tillage method under drip irrigation would increase soil temperature and conserve soil moisture, but would not reduce the crop yield or WUE. Our objectives are: (1) to investigate the effects of combined ridge tillage and mulching with drip irrigation on soil hydrothermal regime; and (2) to understand the mechanisms in this system and thus improve the efficiency of the resources. The results could provide a theoretical basis for improving soil hydrothermal conditions in arid areas and thus enhance crop productivity and quality.
Materials and Methods

Experimental Site
The field experiments were conducted in 2014 and 2015 at the Shuguang Experimental Station (40 • 46 N, 107 • 24 E), located in the west of the Hetao Irrigation District in Inner Mongolia, China. This area has a semiarid continental climate with an average annual precipitation of 180 mm with ranges from 139 to 222 mm, average annual temperature of 6.9 • C, and mean potential evaporation of 2200-2400 mm. The average air temperature and evaporation in 2014 was slightly higher than in 2015, while average relative humidity in 2015 was higher than in 2014 in all the growth stages ( Figure 1 ). The soil in the study area begins to freeze by the middle of November and does not thaw completely until late April [4] . According to the protocol of the soil agro-chemistry analysis [13] , the 1:5 soil-water extract for each soil sample was prepared; the initial soil salt content was determined using a conductivity meter (DDS-11A, REX, Shanghai, China); the cations were determined by the atomic absorption spectrophotometer (WFX-120, BRAIC, Beijing, China); the anions were determined by the titration method. The soil properties of the experimental field are shown in Tables 1 and 2 . 
Experimental Design
The experiment treatments were all based on drip irrigation and included two plastic film mulch treatments (full vs. partial mulch) and two tillage treatments (ridge vs. flat tillage), respectively. There were four combined systems: (1) alternating ridges (40 cm wide and 20 cm high) and furrows (40 cm wide) with plots fully mulched with plastic film (RFM); (2) alternating ridges (40 cm wide and 20 cm high) and furrows (40 cm wide) with partial film mulch (only the plant rows mulched) (RPM); (3) flat tillage with plots fully mulched with plastic film (FFM); and (4) flat tillage with partial film mulch (only the plant rows mulched) (FPM). The cropping pattern is shown in Figure 2 . Each treatment was replicated four times and each experimental plot was approximately 4 m × 12 m in a completely randomized block design (Figure 3 ). The plastic film in all treatments was transparent polyethylene and 0.008 mm thick. The experimental crop was maize (cultivar Xi-meng 6, Xi-meng Seed Ltd., Inner Mongolia, China) with wide-narrow row sowing and the whole growing season required approximately 120 days. The drip tapes were laid out in the middle of narrow rows and used to deliver water with flow rates of 1.38 L/h in 2014 and 2.7 L/h in 2015. The drip tape 
The experiment treatments were all based on drip irrigation and included two plastic film mulch treatments (full vs. partial mulch) and two tillage treatments (ridge vs. flat tillage), respectively. There were four combined systems: (1) alternating ridges (40 cm wide and 20 cm high) and furrows (40 cm wide) with plots fully mulched with plastic film (RFM); (2) alternating ridges (40 cm wide and 20 cm high) and furrows (40 cm wide) with partial film mulch (only the plant rows mulched) (RPM); (3) flat tillage with plots fully mulched with plastic film (FFM); and (4) flat tillage with partial film mulch (only the plant rows mulched) (FPM). The cropping pattern is shown in Figure 2 . Each treatment was replicated four times and each experimental plot was approximately 4 m × 12 m in a completely randomized block design (Figure 3 ). The plastic film in all treatments was transparent polyethylene and 0.008 mm thick. The experimental crop was maize (cultivar Xi-meng 6, Xi-meng Seed Ltd., Inner Mongolia, China) with wide-narrow row sowing and the whole growing season required approximately 120 days. The drip tapes were laid out in the middle of narrow rows and used to deliver water with flow rates of 1.38 L/h in 2014 and 2.7 L/h in 2015. The drip tape spacing and emitter spacing were 100 cm and 30 cm, respectively. Two rows of maize were planted on both sides of the drip tape with a 20-cm space between two rows.
Ridge tillage and transparent plastic mulches were applied in the middle of April in 2014 and 2015. Maize was sown on 24 April in 2014 and on 28 April in 2015 and was harvested on 4 September in 2014 and 5 September in 2015, respectively. Maize was harvested at around 20% moisture in 2014 and 2015. Urea plus (NH 4 ) 2 HPO 4 was used as the base fertilizer and urea, phosphate fertilizer and KNO 3 as the topdressing applied in different amounts and growth stages. The experimental period was from late April to early September in 2014 and 2015. After harvesting, transparent plastic mulches were removed from all plots. In addition, the field was ploughed and supplied by flood irrigation for planting in spring of the following year. 
Measurements
ECH 2 O-5TE sensors (Decagon Devices, Inc., Pullman, WA, USA) were installed in experimental plots (15 sensors in total per plot) beneath the emitter at the soil depths of 10, 30, 55, 85 and 110 cm at three locations to record profiled soil moisture and temperature of 20-, 40-, 70-, 100-and 120-cm layers, which was used to evaluate the effect of different treatments on soil water and thermal regime during the growth period. Data were collected hourly by automatic data loggers.
In order to explore thermal effects at different positions under film, temperature sensor probes (RH-PT1000A, RUNHU Ltd., Shanghai, China) was used below the soil surface. The data were recorded every 1 h. In the FFM treatment, probes were installed at 0 cm (center-position under film), 20 cm (inter-position under film) and 50 cm (edge-position under film) from the emitter in a horizontal position within the film. Accumulated temperature was calculated as the sum of the daily average soil temperature (above 10 • C) in 0-20-cm layers.
The total water consumption (ET = evapotranspiration, mm) can be calculated by the formula:
where ∆W is the difference in soil moisture in the 0-120-cm layer between the beginning and end of experimental period, P and I are precipitation and irrigation respectively, G is groundwater imbibition to the root system (calculated following the method described in Sepaskhah et al. [29] ), R is the surface runoff (there was no surface runoff, as the plot was flat), F is drainage (assumed to be zero, because drip irrigation and precipitation are too low to cause drainage below 2 m). The water use efficiency (WUE, kg·ha −1 ·mm −1 ) was calculated as the grain yield (Y, kg·ha −1 ) divided by ET:
During the different growth stages, samples of aboveground biomass were collected from 1-m sections of rows of each plot. The leaf area index (LAI) of maize was determined using the same samples as determining aboveground biomass. The leaf area of the whole plant was measured and the LAI (leaf area/ground area, m 2 /m 2 ) was calculated. The individual leaf area was determined by leaf length × leaf width × coefficient. Leaf size was measured with a ruler. The coefficient value was 0.7 determined using the same method as Gao et al. [30] . Then the maize plants were separated into leaves, stems and ears. Immediately after harvesting, all samples were dried in an oven at 85 • C for 48 h to determine aboveground biomass.
When mature, maize cobs were collected to determine the grain yield and its component factors from a sampling area of 3 m row length × 0.2 m width (two rows) in each plot center. The number of rows and grains per ear were counted and the grain yield of maize was measured after solar drying keeping grain moisture content around 13%.
Statistical Analyses
Two-way analysis of variance (ANOVA) was conducted to evaluate the effects of treatments on the measured parameters. Statistical analyses were performed using R (version 3.1.0, R Foundation for Statistical Computing, Vienna, Austria) and presented as the mean of replicates ± standard error (S.E). Significance between treatments was checked at p ≤ 0.05.
Results
Soil Moisture
During the 2014 and 2015 season, soil water content showed a similar interannual trend and fluctuated with irrigation, precipitation and temperature (Figure 4a ). Due to limited precipitation, soil moisture was mainly influenced by irrigation. Soil moisture in all treatments increased from 0-cm to 40-cm soil depth and then decreased from 40-cm to 70-cm soil depth during seeding and heading stages. Figure 4a also reveals that RFM had higher soil moisture than RPM, FFM and FPM in the 0-20-cm layer throughout all growing stages. With increasing precipitation and irrigation, the soil water content in RFM and FFM was much higher than in RPM and FPM in the 70-cm layer, suggesting a greater infiltration associated with reduced evaporation in full film mulching. During the heading and maturing stage, soil moisture in RFM in the 40-cm layer fell below FFM, and the same was observed for FPM vs. RPM. The soil water content in full film mulched treatment was lower than in partial film mulched treatment in the 40-70-cm layer. This indicates that although ET for the full film mulched treatment was more reduced than that of the partial film mulched treatment, the full film mulch did not increase the soil water content, but rather promoted vigorous plant growth resulting in a higher plant transpiration rate and overall more soil water loss. soil water content in RFM and FFM was much higher than in RPM and FPM in the 70-cm layer, suggesting a greater infiltration associated with reduced evaporation in full film mulching. During the heading and maturing stage, soil moisture in RFM in the 40-cm layer fell below FFM, and the same was observed for FPM vs. RPM. The soil water content in full film mulched treatment was lower than in partial film mulched treatment in the 40-70-cm layer. This indicates that although ET for the full film mulched treatment was more reduced than that of the partial film mulched treatment, the full film mulch did not increase the soil water content, but rather promoted vigorous plant growth resulting in a higher plant transpiration rate and overall more soil water loss. During the seeding stage, soil water content of the RFM treatment was higher than RPM, FFM and FPM treatments and increased by an average of 21.3%, 7.1% and 13.8% in 2014 and 14.4%, 3.6% and 8.2% in 2015 in the 0-20-cm layer, respectively. At the jointing stage, because of limited maize During the seeding stage, soil water content of the RFM treatment was higher than RPM, FFM and FPM treatments and increased by an average of 21.3%, 7.1% and 13.8% in 2014 and 14.4%, 3.6% and 8.2% in 2015 in the 0-20-cm layer, respectively. At the jointing stage, because of limited maize water consumption and quantity of solar radiation, soil water content in the 0-40-cm layer was highest in RFM and increased up to 21.9%, 7.1% and 14.7% in 2014, and 14.1%, 2.7% and 7.8% in 2015 over that in RPM, FFM and FPM treatments, respectively. During the heading stage and maturing stage, with the increasing maize water consumption, the vertical distribution of soil water content in RFM and FFM was decreased more than in RPM and FPM. In 2014, the soil moisture fluctuated more widely because irrigation was less frequent than in the drier 2015 season. Because of the more frequent irrigation in 2015, the soil moisture differences among all treatments in the top 40 cm of the soil in 2015 were smaller than those observed in 2014. Variation in soil moisture was more pronounced during the period of greatest water demand for maize (Figure 4b) . In all four treatments, the soil water content showed a similar overall trend, with the most distinct differences in shallow layers (0-40-cm) compared with deep layers (40-70-cm). Figure 5 illustrates the changes of soil water storage in 0-70-cm layers during the growth period in 2014 and 2015. In accordance with soil moisture variation, the range of soil water storage in the main root region (0-40-cm) is greater than in the deeper layer (40-70-cm). In addition, there were obvious differences in soil water storage among these four treatments at the same stage and the highest and lowest values were recorded in the seeding and maturing stages, respectively. It was notable that soil water storage in the 20-40-cm layer in RFM and FFM was lower than RPM and FPM during the heading and maturing stages. The fully mulched plots (RFM and FFM) generally had the largest soil water storage in the 0-70 cm soil profile. water consumption and quantity of solar radiation, soil water content in the 0-40-cm layer was highest in RFM and increased up to 21.9%, 7.1% and 14.7% in 2014, and 14.1%, 2.7% and 7.8% in 2015 over that in RPM, FFM and FPM treatments, respectively. During the heading stage and maturing stage, with the increasing maize water consumption, the vertical distribution of soil water content in RFM and FFM was decreased more than in RPM and FPM. In 2014, the soil moisture fluctuated more widely because irrigation was less frequent than in the drier 2015 season. Because of the more frequent irrigation in 2015, the soil moisture differences among all treatments in the top 40 cm of the soil in 2015 were smaller than those observed in 2014. Variation in soil moisture was more pronounced during the period of greatest water demand for maize (Figure 4b ). In all four treatments, the soil water content showed a similar overall trend, with the most distinct differences in shallow layers (0-40-cm) compared with deep layers (40-70-cm). Figure 5 illustrates the changes of soil water storage in 0-70-cm layers during the growth period in 2014 and 2015. In accordance with soil moisture variation, the range of soil water storage in the main root region (0-40-cm) is greater than in the deeper layer (40-70-cm). In addition, there were obvious differences in soil water storage among these four treatments at the same stage and the highest and lowest values were recorded in the seeding and maturing stages, respectively. It was notable that soil water storage in the 20-40-cm layer in RFM and FFM was lower than RPM and FPM during the heading and maturing stages. The fully mulched plots (RFM and FFM) generally had the largest soil water storage in the 0-70 cm soil profile. 
Soil Water Storage
Soil Temperature
During the entire monitoring period, RFM showed more discernible thermal conservative effects than the other treatments (Figure 6a) . Overall, average soil temperature in the 0-70-cm layer in RFM was 0.36 • C, 1.49 • C, and 1.27 • C higher in 2014, and 1.19 • C, 1.62 • C, and 0.35 • C higher in 2015 than RPM, FPM and FFM, respectively. The soil temperature in the ridge tillage treatments was higher than in the flat tillage plots in 2014, while the soil temperature of the full film mulching treatments was higher than with partial film mulch plots in 2015.
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During the entire monitoring period, RFM showed more discernible thermal conservative effects than the other treatments (Figure 6a) . Overall, average soil temperature in the 0-70-cm layer in RFM was 0.36 °C, 1.49 °C, and 1.27 °C higher in 2014, and 1.19 °C, 1.62 °C, and 0.35 °C higher in 2015 than RPM, FPM and FFM, respectively. The soil temperature in the ridge tillage treatments was higher than in the flat tillage plots in 2014, while the soil temperature of the full film mulching treatments was higher than with partial film mulch plots in 2015. As the heading stage is the most productive period, soil thermal condition at this stage was selected for further analysis (Figure 6b ). In 2014, when compared with RPM, RFM significantly increased the average temperature by 0.81 • C in the 20-cm layer, however, there was no obvious difference between RPM and RFM in both the 40-and 70-cm layers. FFM had a greater effect on heat retention than FPM in the 0-70-cm layer, but there were no obvious differences in either the shallow or deep layers. In 2015, due to frequent irrigation, there was no difference between ridge tillage and flat tillage, while a significant difference was found between the partial and full plastic film mulch methods.
Variations of accumulated temperature in the 0-20-cm layer during the growth period in 2014 and 2015 are shown in Table 3 . Soil temperature was increased and was maintained at higher levels with increasing air temperature and solar radiation in the jointing and heading stages in all four treatments (Figure 6a ). Full plastic film mulch with ridge tillage increased average accumulated temperature by 1.31 • C/day and 0.90 • C/day over flat tillage treatments during growth periods in 2014 and 2015, respectively. With flat tillage, full plastic film mulch increased average accumulated temperature by 0.59 • C/day and 0.97 • C/day more than partial plastic film mulch during growth periods in 2014 and 2015, respectively. 
Crop Growth and Yield
There was a significant difference in the yield and WUE between full and partial plastic film mulches with the same tillage ( Table 4) The RFM had a significantly greater accumulation of biomass than FFM, FPM and RPM, indicating a positive combined effect of full plastic film mulch and ridge tillage (Figure 8a ). Biomass accumulations were significantly different among all treatments from the late jointing stage and reached a peak in the early maturing stage, even though no further biomass accumulation was recorded during the last two weeks before harvest. Additionally, the LAI of maize in all treatments were generally lower in the jointing stage and peaked in the heading stage (Figure 8b ). The average LAI in RFM were 12.7%, 22.9% and 34.7% in 2014, and 0.08%, 14.5% and 19.2% in 2015, higher than FFM, FPM, and RPM, respectively. Overall, the LAI in 2015 was significantly greater than in 2014 due to abundant precipitation and irrigation. The ranking, from high to low, for biomass and LAI were RFM, FFM, FPM and RPM. 
There was a significant difference in the yield and WUE between full and partial plastic film mulches with the same tillage ( Table 4 ). The highest yields, 15,583 kg·ha −1 in 2014 and 16,797 kg·ha −1 in 2015, were both in the RFM treatment. The yield in RFM was 42.6%, 26.1%, and 9.1% higher in 2014, and 41.6%, 36.0% and 2.1% higher in 2015 than RPM, FPM and FFM, respectively. No significant differences between RFM and FFM were found in the yield in 2014 and 2015. The ranking, from high to low, for row number and grain number per ear were always RFM, FFM, FPM, and RPM. The WUE in RFM and FFM was higher than RPM and FPM, and there was significant different between any two treatments. The trend of WUE was RFM > FFM > FPM > RPM. The value of WUE in RFM reached 40.21 kg·ha −1 ·mm −1 and 39.10 kg·ha −1 ·mm −1 in 2014 and 2015 respectively and was higher than other treatments.
The RFM had a significantly greater accumulation of biomass than FFM, FPM and RPM, indicating a positive combined effect of full plastic film mulch and ridge tillage (Figure 8a ). Biomass accumulations were significantly different among all treatments from the late jointing stage and reached a peak in the early maturing stage, even though no further biomass accumulation was recorded during the last two weeks before harvest. Additionally, the LAI of maize in all treatments were generally lower in the jointing stage and peaked in the heading stage (Figure 8b ). The average LAI in RFM were 12.7%, 22.9% and 34.7% in 2014, and 0.08%, 14.5% and 19.2% in 2015, higher than FFM, FPM, and RPM, respectively. Overall, the LAI in 2015 was significantly greater than in 2014 due to abundant precipitation and irrigation. The ranking, from high to low, for biomass and LAI were RFM, FFM, FPM and RPM. Notes: RPM, ridges and furrows with only ridges mulched with transparent plastic film; RFM, ridges and furrows with full mulch; FPM, flatten tillage with 40 cm mulched with white plastic film; FFM, flatten tillage with full mulch. Different letters within the columns indicate differences in the least significant difference test at p = 0.05; data are represented as means ± S.E. 
Discussion
The yield and WUE of maize in full film mulching treatments, especially in the RFM treatment, was significantly higher than partial film mulched plots due to fewer evaporation losses. Although Zhang et al. reported that ridge tillage could promote soil nutrient accumulation and maintain moderate soil hydrothermal conditions, it did not significantly increase the maize yield and WUE in the present experiment. In contrast, ridge tillage combined with partial film mulch lead to more evaporation than with full film mulch, resulting in higher water consumption and lower WUE. The full plastic film mulch was more conducive in improving soil conditions affecting the yield (Table 4) and especially in reserving water in the profile (Figure 4a ) than partial plastic film mulch. This demonstrates that full film mulching enhanced growth conditions by reducing evaporation, increasing infiltration, and accumulating soil thermal energy, and consequently improved grain filling and maturation, as also shown by others [31, 32] . Wang et al. [28] reported ridge tillage and a full film mulching system in maize cropping efficiently enhanced water retention. Full plastic film mulch led to improvements in soil water content by reducing water loss through evaporation and promoting water infiltration to the subsoil in groundnut cropping [33] . Schwartz et al. [34] reported that mulching promoted soil water redistribution under the film after irrigation. Additionally, ridge tillage can increase the cross-sectional and surface area and the number of macropores of loose soil in the ridge, which allows for better infiltration and water conservation during both irrigation and rain and solar thermal collection [35] . However, ridge tillage, in the absence of mulching, also increased evaporation rates compared with flat tillage, especially during warm periods. Compared with partial plastic film mulch, full transparent plastic film mulch not only conserved solar energy through film effects, but also reduced water loss from bare soil, which was in accordance with the observations of Chen et al. [22] and Wang et al. [28] .
In 2014 and 2015, during the seeding and jointing stages, the soil water content in 20-40-cm layer was higher in RFM than in other treatments while the lowest value was recorded in the RFM treatment. However, the situation was the opposite during heading and maturing stages at the 20-40 cm depth with the highest values in RFM and the lowest values in RFM. Jia et al. [36] reported that full film mulching could increase the infiltration rate, resulting in the promotion of water flow through plants and decreased evaporation and ET. However, the ET of RFM was significantly higher than that of RPM, FFM and FPM in 2014 and 2015. The reason for this was that the favorable soil 
In 2014 and 2015, during the seeding and jointing stages, the soil water content in 20-40-cm layer was higher in RFM than in other treatments while the lowest value was recorded in the RFM treatment. However, the situation was the opposite during heading and maturing stages at the 20-40 cm depth with the highest values in RFM and the lowest values in RFM. Jia et al. [36] reported that full film mulching could increase the infiltration rate, resulting in the promotion of water flow through plants and decreased evaporation and ET. However, the ET of RFM was significantly higher than that of RPM, FFM and FPM in 2014 and 2015. The reason for this was that the favorable soil thermal conditions in full film mulching treatments made plants grow vigorously, which led to more water consumption [36] . RFM resulted in higher soil temperature than in other treatments during the whole growth period. At the same time, the soil moisture in the 20-40 cm layer was lower than in other treatments during the heading and maturing stages. Therefore, ridge tillage mulched with full plastic film was beneficial to water accumulation and deposition to mitigate water shortages when the precipitation was little (2014), while it collected extra water in the ridge when rainfall or irrigation became rich (2015) . The ridge mulched in the RPM treatment could collect and store water, and some water evaporated directly from the bare furrow, thereby reducing overall water storage under this treatment. In addition, the higher temperature under mulch as compared to the bare soil furrow causes water movement from ridge to the furrow where it can be evaporated. Compared with the RPM treatment, FFM effectively improved soil moisture through reducing evaporation but it was less effective in conserving water. The FPM treatment lost less water from the bare soil area than in the RPM plot.
Regardless of the layers and growth stages, soil water storage of RFM was higher than in the rest of the treatments and the full plastic mulch was better than partial plastic mulch in storing water. During the period from the seeding stage to jointing stage, soil water storage increases slightly due to less precipitation and gradually increased crop water consumption. Because of increasing precipitation and irrigation, soil water storage was supplied in every treatment during the heading stage. At this stage, RFM showed a greater water storage capacity than RPM. This implies that ridge tillage could be beneficial to increase soil water storage, to a certain extent through increasing rainwater retention and promoting infiltration, however, some soil water evaporated rapidly from un-mulched furrows under intense solar radiation, which is consistent with the results of previous research [37, 38] . In contrast, during heading and maturing stage, soil water storage decreased in 0-70-cm layers of all treatments, especially in the 0-40-cm layer of RFM and FFM. In the main root zone (0-40 cm), the difference in water storage between RFM and RPM was big while the opposite occurred between FFM and FPM during the maturing stage. The reasons for this notable phenomenon were: (1) compared with RPM, favorable hydrothermal conditions in RFM promoted crops to grow vigorously and further led to premature senescence; thus, higher water consumption was required to meet the requirement of crop growth; and (2) relatively slow growth of crops was recorded in FPM and thus growth period was also prolonged, therefore, crops needed more soil water to maintain growth. On the other hand, flat tillage could not effectively intercept rainfall and partial plastic film mulch further aggravated evaporation from un-mulched furrows [39, 40] . Eventually, the soil water storage of FPM decreased comparatively more than that FFM.
Soil moisture and heat often have a synergistic effect on plant growth. High soil water content and temperature lead to shorter seed germination and emergence time [41] . Li et al. [31] found that moderate hydrothermal conditions under full film mulching can increase tiller numbers and prolong the phenostage, which contribute to a yield increase. Furthermore, favorable soil moisture and temperature conditions promote root development and absorption of water and nutrient resulting in high biomass accumulation and LAI.
In the present study, there was a reverse trend to the dynamic changing of soil moisture and soil temperature in tillage layer in both 2014 and 2015. Soil thermal conductivity and capacity highly rely on soil moisture and movement of soil water leads to thermal storage or transfer [42] . In addition, evaporation normally plays a crucial role in surface heat balance of dry area. High soil temperature caused strong evaporation and thus reduced soil moisture; in contrast, high soil water content could narrow soil temperature variation. RFM resulted in higher soil temperature and accumulated temperature than in other treatments, whereas the lowest values were recorded in FPM treatment. Ridge tillage provided better opportunity to capture solar energy, and was beneficial to transfer and accumulate heat to the deeper soil layers, thus augmenting and stabilizing the relative temperature of the subsoil [43] . However, most of surface soil heat was lost from bare ridges and furrows without full plastic film mulch (Figure 5a and Table 3 ). This is consistent with the results of [32, 44] . On the other hand, flat tillage did not enhance soil surface temperature. Insulation of plastic film mulch with flat tillage was not obvious in our experiments. In the treatments where only a portion of the soil was mulched (RPM and FPM) soil temperatures were not as high as under fully mulched soil. Zhang et al. [37] reported that full transparent film mulching transmitted solar shortwave radiation and absorbed considerable heat during the daytime through film into soil surface, while limiting heat loss during the night by reducing longwave radiation from soil to the atmosphere.
In 2014, the soil temperature in RPM was higher than in FFM. However, it is opposite that higher soil temperature was recorded in FFM compared with RPM in 2015. The reason for this was that tillage had a significant effect on average temperature in 0-70-cm layer compared with mulching under drought conditions (2014). Conversely, mulching played a more important role in preserving thermal conditions than tillage under humid soil conditions (2015). Overall, ridge tillage efficiently increased soil surface temperature and enhanced thermal penetration in deeper soils, likely because the higher thermal conductivity caused by the higher moisture content. The ridge-tillage with full mulching (RFM) created the most favorable hydrothermal conditions for maize cultivation.
Conclusions
Full plastic film with drip irrigation efficiently promoted water infiltration and regulated the surface temperature resulting in favorable soil moisture conservation and evaporation inhibition. Compared with partial film mulching, full plastic film reduced evaporation and increased water availability. These effects were further enhanced with ridge tillage. In addition, full plastic film mulch had an insulation effect compared with partial plastic film mulch. Thus, thermal energy could be effectively transferred and stored in the tillage layer where it is essential for maize growth. Due to the increasing canopy density, soil temperature was mainly affected by solar radiation when maize was young and by atmospheric temperature with increasing growth. The opposite relationship was found between tillage layer temperature and water content. Overall, the ridge-tillage and full plastic film mulching was an effective soil water management system for maintaining suitable hydrothermal conditions for the growth and performance of irrigated maize, especially under low precipitation and high crop water consumption conditions.
